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Abstract:  Semiconductor-based  photoelectrochemical  devices  represent  good 
systems  for  the  sustained,  direct  conversion  of  light  to  chemical  or 
electrical  energy.  The  Interfacial  structure,  energetics,  and  redox  kinetics 
control  the  overall  performance  of  such  systems.  Examples  of  Improvements  In 
efficiency  and  durability  of  photoelectrochemical  cells  stemming  from  chemical 
manipulations  at  semiconductor/liquid  electrolyte  Interfaces  Illustrate  the 
critical  Importance  of  understanding  Interface  properties. 

Introduction 

Inorganic  chemistry  at  Interfaces  Is  crucial  to  a  large  number  of 
processes,  systems,  and  devices  that  have  practical  consequence  now  and  Into 
the  21st  century.  Heterogeneous  catalyst  systems,  batteries,  fuel  cells, 
field  effect  transistors,  optical  and  acoustical  recorders,  sensors,  solar 
cells,  and  even  natural  plant  photosynthesis  are  all  dependent  on  Interfaces. 
It  Is  becoming  evident  that  characterization,  synthesis,  manipulation,  and 
understanding  of  Interfacial  properties  will  comprise  a  significant  fraction 
of  the  fundamental  effort  undergirding  many  practical  applications  of 
Inorganic  chemistry.  With  the  advent  of  an  arsenal  of  new  spectroscopic 
probes  It  Is  apparent  that  chemically  complex  Interfaces  can  be  characterized 
with  good  resolution.  The  Impact  of  the  structural  characterization  of 
interfaces  is  likely  to  be  as  great  as  from  the  structural  characterization 
that  Is  commonplace  for  relatively  small  molecular  entities.  Elucidation  of 
molecular  structure  plays  a  central  role  In  the  understanding  of  reactions  and 
leads  to  Insight  Into  details  of  mechanism  and  electronic  structure. 
Exploitation  of  Interfaces  In  Inorganic-based  systems  can  continue  with  no  new 
Insights.  However,  as  the  21st  century  approaches  Inorganic  chemists  have  the 
opportunity  to  contribute  heavily  to  the  understanding  of  Interfaces  and 
rational  application  of  basic  knowledge  to  better  use  interfaces. 

One  current  basic  research  endeavor  Involves  the  use  of  Illuminated 
Interfacial  chemical  systems  to  bring  about  the  sustained  conversion  of 
optical  energy  to  chemical  or  electrical  energy.  In  fact,  semiconductor-based 
photoelectrochemical  cells  like  that  In  Scheme  I  represent  the  best  chemical 
systems  for  the  direct' conversion  of  optical  energy  to  electrical  energy  or  to 
chemical  energy  In  the  form  of  high  energy  redox  products.1  In  such  devices 
the  light-absorbing  semiconductor  electrode  Immersed  in  an  electrolyte 
solution  comprises  a  photosensitive  Interface  where  thermodynamically  uphill 
redox  processes  can  be  driven  with  optical  energy.  Depending  on  the  nature  of 
the  photoelectrode,  either  a  reduction  or  an  oxidation  half -reaction  can  be 
light-driven  with  the  counterelectrode  being  the  site  of  the  accompanying 
half-reaction.  N-type  semiconductors  are  photoanodes,  p-type  semiconductors 
are  photocathodes, 2***  and  Intrinsic  materials5  can  be  either  a  photoanode  or  a 
photocathode  depending  on  the  nature  of  the  contact  by  both  the  liquid  and  the 
wire  of  the  external  circuit.  Within  the  past  decade  remarkable  progress  has 
emerged  from  conscious  efforts  to  understand  and  improve  semiconductor-based 
photoelectrochemical  cells.  Systems  based  on  n-type  GaAs,*>7  n-type  WSe2,8*9 


Counterelectrode 


Electrolyte  Solution 


Light 


JSemi conductor 
Photoelectrode 


Scheme  I  Semiconductor-based  photoelectrochairf cal  cell.  Energy 
output  may  be  in  the  form  of  electricity  by  putting  a 
load  in  series  in  the  external  circuit  or  the  output  can 
be  in  the  form  of  chemical  energy  as  redox  products  formed 
at  the  electrodes.  N-type  semiconductors  effect  uphill 
oxidations  upon  illumination  and  p-type  semiconductors 
effect  uphill  reductions  under  ill umi nation.  Either  or 
both  electrodes  in  the  cell  can  be  a  photoelectrode. 


and  p-type  InP10*11  have  been  shown  to  be  able  to  convert  sunlight  with 
greater  efficiency  than  the  widely  regarded  minimum  useful  efficiency  of  10% 
for  large  scale  energy  generation  from  sunlight  In  the  United  States.12 

The  aim  of  this  presentation  Is  to  highlight  both  recent  advances  and  to 
Identify  problems  associated  with  Illuminated  semiconductor  electrodes  for 
optical  energy  conversion.  Results  from  this  laboratory  will  be  highlighted. 
Practical  applications,  If  they  come  at  all,  will  be  Important  In  the  21st 
century  and  beyond.  However,  though  the  prospects  for  large  scale  energy 
generation  from  sunlight  may  appear  dim,  It  Is  clear  that  existing  fossil 
fuel  reserves  are  finite,  fission  nuclear  power  has  an  uncertain  future,  and 
fusion  does  not  work  now  and  may  not  work  In  the  future.  Solar  chemical 
conversion  schemes  do  work  on  a  large  scale  as  evidenced  by  the  natural 
photosynthetic  apparatus.  Existing  solar  Insolation  Is  far  greater  than  man's 
needs.  The  research  effort  required  to  fully  Investigate  Interfaclal  solar 
conversion  schemes  Is  worth  expending  when  viewed  against  the  possible  return 
and  the  prospect  that  other  alternatives  may  prove  unacceptable  from  a 
technical,  social,  political,  economic,  or  safety  standpoint. 

Semiconductor/Liquid  Electrolyte  Interface  Energetics 

Schemes  II  and  III  represent  the  equilibrium  Interface  energetics  for 
Ideal  n-  and  p-type  semiconductors,  respectively,  for  contact  by  electrolyte 
solutions  containing  different  redox  reagents  that  vary  In  electrochemical 
potential,  Eredox*2”4’13  Por  £redox  sufficiently  negative  for  n-,  or 
sufficiently  positive  for  p-type,  semiconductors  the  electrode  behaves  as  a 
metallic  electrode,  not  blocking  the  flow  of  electrons  In  either  direction. 
This  situation  Is  analogous  to  the  criteria  for  forming  an  ohmic  contact  to  an 
n-  or  p-type  semiconductor. 14  When  Ere(jox  Is  between  the  top  of  the  valence 
band,  Eyg.  and  the  bottom  of  the  conduction  band,  Ecu,  the  p-type 
semiconductor  Is  blocking  to  reductions  and  the  n-type  semiconductor  Is 
blocking  to  oxidations  In  the  dark.  The  minority  carrier  (e“  or  h+  for  p-  or 
n-type  semiconductors,  respectively)  Is  only  available  upon  photoexcitation 
with  >Eg  light  and  Is  driven  to  the  Interface,  owing  to  the  field  In  the 
semiconductor  near  the  surface.  The  availability  of  the  minority  carrier  at 
the  Interface  upon  photoexcitation  allows  oxidation  with  h+  or  reduction  with 
e",  and  Importantly  the  oxidizing  power  of  the  h+  for  n-  and  the  reducing 
power  for  p-type  semiconductors  can  be  greater  than  that  associated  with  the 
electrochemical  potential  (Fermi  level),  Ef,  in  the  bulk  of  the  semiconductor. 
This  means  that  light  can  be  used  to  drive  thermodynamically  non-spontaneous 
redox  processes.  The  extent  to  which  a  process  can  be  driven  In  an  uphill 
sense  Is  the  photovoltage,  Ey,  that  Is  given  by  equation  (I)  for  Ideal 

Ey  -  IEfb  -  Eredoxl  (U 

(For  Ere(jox  between  Ecb  Evb) 

semiconductors  where  Epg  Is  the  flat-band  potential,  l.e.  the  value  of  Ef 
where  the  bands  are  not  bent.  For  commonly  used  carrier  concentrations  Epg  is 
wltMn  0.1  V  of  Eyn  for  p-type  semiconductors,  and  for  n-type  semiconductors 
Epb  Is  within  0.1  V  of  Ecb*  Thus,  >Eg  Illumination  of  a  semiconductor 
electrode  at  open-circuit  tends  to  drive  Ef  to  Efb*  more  positive  for  p-type 


Scheme  11  Representation  of  the  Interface  energetics  for  an  Ideal  n-type  semiconductor  In  contact  with 

electrolyte  solutions  of  differing  Eredox-  For  Ere{j0x  more  negative  than  the  flat  band  potential, 
shown  In  (b), there  Is  little  band  bending  (no  barrier)  and  the  electrode  is  reversible  with  respect 
to  the  redox  couple  and  is  said  to  be  in  ohmic  contact, (a).  For  E^^x  between  the  flat  band  potential 
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electrodes  and  more  negative  for  n-type  electrodes  compared  to  dark 
equilibrium  where  Ef  *  Eredox* 

Ideally,  the  maximum  value  of  Ey  approaches  the  band  gap.  Eg,  of  the 
semiconductor*  However,  -0.3  V  of  band  bending  is  required  to  efficiently 
separate  the  e~  -  h+  pairs  created  by  light.  The  separation  of  e~  -  h+  pairs 
is  essential  to  obtain  a  high  quantum  yield  for  net  electron  flow,  4^.  In  any 
energy  conversion  application  the  efficiency,  n,  for  the  photoelectrode  is 
given  by  equation  (2),  and  since  1  Is  proportional  to  %  it  Is  desirable  to 

Ey  x  1 

^  m  ^ (2) 

Input  Optical  Power 
1  ■  photocurrent 

obtain  a  large  value  of  Good  Ey  at  1  *  0  (Illuminated,  open-circuit)  or 
good  1  at  Ey  •  0  (Illuminated,  short-circuit)  are  both  situations  that  give 
n  *  0.  The  objective  Is  to  optimize  the  product  of  Ey  and  1  In  order  to 
achieve  the  maximum  efficiency.  Figure  1  shows  a  steady-state  photocurrent- 
voltage  curve15  for  an  n-type  WS2  (Eg  «  1.4  eV)  photoanode-based  cell  for 
conversion  of  light  to  electricity  employing  the  Brg/Br"  redox  couple  and  the 
Inset  shows  the  full  cell  energetics  for  operation  at  the  maximum  power  point, 
the  value  of  Ef  when  Ey  x  1  Is  maximum.  Figure  2  shows  a  similar  curve  for 
a  cell  based  on  p-type  WS2  employing  Fe(r)5-C5Me5)2+'°  as  the  redox  couple.16 
In  solar  energy  applications  an  Eg  In  the  range  1.1-1. 7  eV  is  desirable,  since 
a  single  photoelectrode  based  device  would  have  optimum  solar  efficiency, 
exceeding  20,  for  such  band  gaps.12 

The  W$2  electrodes  represent  n-  and  p-type  semiconductors  that  behave 
relatively  Ideally15*16  with  respect  to  interface  energetics  In  that  the  value 
of  Ey  does  vary  with  E^^x  according  to  equation  (1)  for  Eredox  within  *0.8  V 
of  Epg.  However,  for  many  electrode  materials  the  variation  In  Ey  does  not 
follow  equation  (1) . 17  For  example,  n-type  CdTe  (Eg  »  1.4  eV)  can  give 
either  a  constant  value  of  Ey  (Independent  of  Ere(jox)  or  a  nearly  Ideal 
variation  In  Ey,  Figure  3,  depending  on  the  pretreatment  of  the  surface  prior 
to  use.1®  The  ability  to  Improve  the  value  of  Ey  from  the  constant  value  of 
-0.5  V  to  *0.9  V  using  a  reducing  surface  pretreatment  Is  clearly  desirable, 
but  at  the  same  time  certain  oxidation  reactions  can  be  driven  In  an  uphill 
sense  using  the  oxidizing  pretreatment  that  could  not  be  done  with  the  CdTe 
pretreated  with  the  reducing  reagent. 

For  CdTe  It  Is  evident  that  the  surface  pretreatment  chemistry  Is  related 
to  the  value  of  Ey.  In  fact.  Auger  and  X-ray  photoelectron  spectroscopy 
reveal  a  correlation  of  the  Ey  vs.  Er»dox  behavior  related  to  the  composition 
of  the  surface  of  CdTe.18  The  oxidizing  surface  etch  leaves  a  Te-rlch 
overlayer  that  causes  the  CdTe  to  behave  as  If  It  Is  coated  with  a  metal 
having  a  work  function  that  gives  a  Schottky  barrier  height  of  -0.6  V.  In  the 
liquid  junction  system  the  analogue  of  Schottky  barrier  height  Is  the 
Eredox  *  Ecb  or  £ redox  ~  £YB  separation  for  p-  or  n-type  semiconductors.  If  a 
Schottky  barrier  Is  immersed  Into  a  liquid  electrolyte  solution  the  value  of 
Ey  should  be  Independent  of  ErCdox*  as  found  from  n-type  CdTe  after  an 
oxidizing  pretreatment. 
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Generally,  when  Ey  is  fixed  for  a  wide  range  of  Er?<jox  the  semiconductor 
is  said  to  be  "Fermi  level  pinned".17  Fermi  level  pinning  simply  means  that 
the  value  of  Ef  at  the  surface  of  the  semiconductor  Is  pinned  to  some  value 
relative  to  the  band  edge  positions,  Independent  of  the  electrochemical 
potential  of  a  contacting  solution  or  work  function  of  a  contacting  metal. 

The  pinning  of  the  Ef  is  due  to  surface  states  of  sufficient  density  and 
distribution.  Thus,  the  presence  of  surface  states  can  alter  the  behavior  of 
a  semiconductor  photoelectrode  with  respect  to  output  efficiency  vs.  Ered0X 
owing  to  a  limitation  on  Ey.  The  degree  of  alteration  in  behavior  depends  on 
the  surface  state  distribution.  For  n-type  CdTe  the  value  of  Ey  is  fixed  to 
-0.5  V,  a  relatively  small  fraction  of  the  band  gap.  For  p-type  InP  (Eg  * 

1.3  eV)  ft  would  appear  that  the  surface  state  distribution  is  such  that  the 
value  of  Ey  is  fixed  to  -0.8  V,11  a  much  larger  fraction  of  the  band  gap. 
Understand! ng  and  controlling  surface  states  is  thus  crucial  to  development  of 
efficient  semiconductor-based  devices. 

Even  for  Ideal  (surface-state  free)  semiconductors  the  behavior  with 
respect  to  Ey  vs.  Eredox  cari  be  confusing.  For  the  Ideal  p-  or  n-type 
semiconductor  sufficiently  negative  or  positive  Ere(jox,  respectively,  will 
result  in  carrier  inversion  at  the  surface  of  the  semiocnductor.  Schemes  II 
and  III.14*19  In  the  region  of  Ere(jox  where  there  is  inversion  the 
semiconductor  photoelectrode  can  still  effect  uphill  redox  processes  upon 
Illumination  and  Ey  can  be  independent  of  Ere(jox-  The  Fermi  level,  relative 
to  the  band  edge  positions,  simply  cannot  be  driven  significantly  more 
negative  than  Erg  or  more  positive  than  Eyg.  Thus,  for  a  range  of  Ere(jox  the 
band  edge  positions  vary  with  Ere(jox  In  a  manner  similar  to  when  surface 
states  between  Ecb  and  Eyjj  pin  the  Fermi  level.  In  the  ideal  case  it  Is  the 
high  density  of  states  from  the  valence  or  conduction  band  that  eventually 
gives  an  Ey  that  is  Independent  of  Ere(|ox* 

When  the  observed  value  of  Ey  Is  a  large  fraction  of  Eg  it  Is  not  easy  to 
determine  whether  surface  states  pin  Ef  or  whether  a  tailing  density  of 
valence  or  conduction  band  states  effect  pinning.  Whenever  the  Ey  exceeds 
l/2Eg  there  Is  a  measure  of  carrier  Inversion  at  the  surface  at  dark 
equilibrium,  but  this  does  not  mean  that  strong  Inversion  is  possible.  Strong 
Inversion  can  only  occur  when  the  region  between  Ecb  and  Eys  is  sufficiently 
free  of  states  that  Ey  can  approach  Eg.  Generally,  It  Is  difficult  to  effect 
strong  Inversion  when  the  semiconductor  Is  In  contact  with  any  conductor. 
Including  liquid  electrolyte  solutions.  The  metal  chalcogenldes,  M0S2,  HoSe2, 
WS2,  and  WSe2,  seem  to  be  closest  to  ideal  of  the  semiconductors  studied, 
though  there  still  seems  to  be  a  role  for  surface  states. 15» 16» 20  A  material 
such  as  n-type  CdTe  that  gives  a  fixed  Ey  at  <l/2Eg  must  be  one  that  Is  Fermi 
level  pinned  by  states  between  Ecb  and  Eyn  .  Fermi  level  pinning  would  also 
appear  to  apply  to  photoelectrode  materials  such  as  SrTICh,21  TIO2,21  InP,11 
GaAs, 22  and  SI.23 

Manipulating  surface  states  of  semiconductors  for  energy  conversion 
applications  is  one  problem  area  common  to  electronic  devices  as  well.  The 
problem  of  Fermi  level  pinning  by  surface  states  with  GaAs,  for  example, 
raises  difficulties  In  the  development  of  field  effect  transistors  that  depend 
on  the  ability  to  move  the  Fermi  level  at  the  surface.  Interface  electronic 
states  need  to  be  understood  In  all  semiconductor-based  devices  and  will 
continue  to  be  the  object  of  study  for  the  foreseeable  future. 
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The  conclusions  from  these  considerations  are  that  semiconductor 
photoelectrodes  can  be  used  to  effect  either  reductions  (p-type 
semiconductors)  or  oxidations  (n-type  semiconductors)  In  an  uphill  fashion. 
The  extent  to  which  reaction  can  be  driven  uphill,  Ey,  Is  no  greater  than  Eg, 
but  may  be  lower  than  Eg  owing  to  surface  states  between  Ecr  and  Eye  or  to  an 
1 napproprl ate  value  of  tredox*  Both  Eg  and  Epg  are  properties  that  depend  on 
the  semiconductor  bulk  and  surface  properties.  Interestingly,  Ey  can  be 
Independent  of  Eredox  waning  that  the  choice  of  Ere(jox  and  the  associated 
redox  reagents  can  be  made  on  the  basis  of  factors  other  than  theoretical 
efficiency,  for  a  given  semiconductor.  Thus,  the  Important  reduction 
processes  represented  by  the  half -reactions  (3)-( 5)  could,  In  principle,  be 
effected  with  the  same  efficiency  at  a  Fermi  level  pinned  (or  carrier 
Inverted)  p-type  semiconductor  photocathode.  However,  as  Is  usual  In  chemical 
systems,  thermodynamics  relates  what  Is  possible,  but  kinetics  rule  whether  a 
thermodynamically  spontaneous  process  will  occur  at  a  practically  useful  rate. 


N2  +  6H+  +  6e-— *  2NH3 

(3) 

C02  +  2H+  +  2e~— ►  HCOOH 

(4) 

2H+  +  2e-— ►  H2 

(5) 

Each  of  the  reduction  processes  represented  In  (3)-(5)  has  great  potential 
practical  significance  If  It  could  be  done  efficiently  using  solar  energy. 
However,  each  Is  a  multi -electron  process  having  poor  heterogeneous  kinetics  at 
Illuminated  p-type  semiconductors.  Thus,  the  ability  to  exploit  the  available 
driving  force  from  Illumination  of  a  semiconductor  will  depend  on  Improvements 
In  heterogeneous  kinetics  for  these  and  other  multi -electron  redox  processes. 
Success  In  this  particular  area  will  have  practical  consequence  In  the  future 
even  If  semiconductor-based  photoelectrochemical  devices  fail  to  prove  useful. 
Development  of  better  fuel  cells  depends  on  the  Improvement  of  heterogeneous 
redox  kinetics  of  nultl -electron  processes.  If  fusion  works  and  provides 
Inexpensive  electricity,  chemical  fuel  formation  via  electrolytic  processes  may 
be  useful.  Again,  heterogeneous  klentlcs  must  be  Improved.  And  clearly, 
heterogeneous  catalytic  chemistry  will  continue  to  be  the  key  to  efficient 
chemical  production.  The  problem  of  poor  heterogeneous  kinetics  for  most 
fuel -forming  reactions  Is  thus  one  facet  of  a  generic  problem  pervading  much  of 
chemistry. 

One  additional  problem  at  semi  conductor /1 1  quid  electrolyte  Interfaces  Is 
the  redox  decomposition  of  the  semiconductor  Itself.24  Upon  Illumination  to 
create  e"  -  h+  pairs,  for  example,  all  n-type  semiconductor  photoanodes  are 
thermodynamically  unstable  with  respect  to  anodic  decomposition  when  Immersed 
In  the  liquid  electrolyte.  This  means  that  the  oxidizing  power  of  the 
photogenerated  oxidizing  equivalents  (h4,s)  Is  sufficiently  great  that  the 
semiconductor  can  be  destroyed.  This  thermodynamic  Instability  Is  obviously  a 
practical  concern  for  photoanodes,  since  the  kinetics  for  the  anodic 
decomposition  are  often  quite  good.  Indeed,  no  non-oxide  n-type  semiconductor 
has  been  demonstrated  to  be  capable  of  evolving  02  from  HjO  (without  surface 
modification),  the  anodic  decomposition  always  dominates  as  In  equations  (6) 
and  (7)  for  n-type  CdS25  and  SI,26  respectively.  Protecting  visible  light 
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CdS  +  2h+  - 
Si  +  4h+  +  2H20 


Cd2+(aq)  +  S 
*  S102  +  4H+(aq) 


(6) 

(7) 


responsive  n-type  semiconductors  from  photoanodic  decomposition  has  been  a 
major  activity  in  the  past  half  dozen  years  and  will  continue  to  be  an  issue  of 
concern.  The  p-type  semiconductors  have  not  been  plagued  by  gross  durability 
problems,  but  thermodynamic  instability  can  be  a  problem  in  some  cases. 24 
Interestingly,  the  redox  decomposition  processes  of  semiconductors  are 
multi -electron  processes  that  can  be  sufficiently  slow  that  kinetic  competition 
with  desired  redox  processes  can  be  successful  to  bring  about  sustained 
generation  of  energy-rich  products  or  electricity  from  photoexcitation  of  a 
photoanode. 


Suppression  of  Photocorrosion  of  Photoanodes  and  Manipulation  of  Kinetics  for 
Anodic  Processes 


In  1976  the  first  sustained  conversion  of  visible  light  to  electricity 
using  an  n-type  semiconductor-based  cell  (CdS  (Eg  *  2.4  eV)  or  CdSe  (Eg  * 

1.7  eV ) )  was  reported. 25« 27  In  the  ensuing  six  years  remarkable  progress  has 
been  realized  in  this  area.  The  key  has  been  to  find  reducing  reagents.  A, 
that  can  capture  photogenerated  oxidizing  equivalents,  h+,  at  a  rate  that 
precludes  decomposition  of  the  semiconductor,  equation  (8).  The  reverse 
process,  equation  (9),  can  then  be  effected  at  the  counterelectrode  to  complete 

A  +  h+  — ►  A+  (8) 

A+  +  e~  — *•  A  (9) 

a  chemical  cycle  Involving  no  net  chemical  change,  but  yield  significant 
efficiency  for  electricity  generation.  Now,  a  variety  of  n-type 
semi  conductor/sol  vent/el ectrolyte/A+/A/counterelectrode  systems  are  known  to 
comprise  efficient,  durable  visible  light  energy  to  electrical 

energy. «- 9, 15,25,2^28 

Often,  there  Is  a  potential  regime  where  the  process  represented  by  (8)  is 
completely  dominant  compared  to  the  anodic  decomposition  of  the  semiconductor. 
In  some  cases,  e.g.  CdS/Sn2-,29  CdTe/Ten2',29  and  MoSe2/l3",30  the  redox 
species  Interact  strongly  with  the  electrode  material  resulting  In  changes  in 
Epg.  Such  strong  interactions  can  be  useful  In  protecting  the  semiconductor. 

In  the  examples  cited  above,  Efb  shifts  more  negative  reducing  the  tendency  for 
anodic  decomposition  and  opening  a  wider  potential  regime  where  the  desired 
oxidation  process  can  be  effected  without  completion  from  anodic  decomposition. 

The  unique  Interactions  of  a  semiconductor  with  solution  species,  such  as 
MoSe2  with  I3*,30  are  very  likely  the  sorts  of  situations  that  will  lead  to  the 
first  applications  of  semiconductor  photoelectrochemical  devices  for  photo¬ 
chemical  synthesis  of  redox  products.  Generally,  the  practical  competition 
will  come  from  conventional.  Including  electrochemical,  methods  for  producing 
redox  reagents.  When  the  semiconductor  electrode  has  unique  surface  chemistry 
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this  can  change  the  product  distribution  and  In  some  cases  It  may  be  that  the 
semiconductor  may  be  the  only  surface  at  which  a  desired  reaction  will  occur 
efficiently.  However,  even  when  a  semiconductor  Is  the  electrode  material  of 
choice  it  Is  not  clear  that  light  would  be  used.  The  desirable  Interactions 
that  exist  for  a  p-type  photocathode,  for  example,  would  likely  exist  as  well 
for  the  oppositely  doped,  n-type,  material.  The  reductions  that  require  light 
at  the  p-type  electrode  can  be  effected  In  the  dark  at  the  n-type  material. 
Also,  degenerately  doped  semiconductors  often  behave  well  in  the  dark  and  are 
not  blocking  to  any  redox  processes.  However,  the  unique  chemistry  of 
semiconductor  surfaces  needs  to  be  elucidated  before  a  verdict  can  be  reached 
regarding  the  practical  consequences. 

The  strong  Interaction  of  the  I3-/I-  redox  system  with  the  metal 
dichalcogenide  materials  was  recently  exploited31  to  bring  about  the  visible 
light-driven  process  represented  by  equation  (10).  In  50%  by  weight  H2SO4  the 
reaction  as  written  requires  -0.3  V  or  driving  force,  a  good  match  to  the 


SO2  +  H2O  - -  H2SO4  +  H2  (10) 

-50%  H2SO4, 

-10-3  m  I- 

photovoltage  at  the  maximum  power  point  for  n-type  WS2-based  cells  for  the 
oxidation  of  I".15  But  the  oxidation  of  SO2  to  SO42-  In  H2SO4  has  poor 
kinetics32  and  does  not  compete  with  photoanodic  decomposition  of  the 
electrode.  Further,  Ere<jQX(S042-/S02)  Is  such  that  equation  (1)  predicts  a 
very  small  photovoltage."2  The  13"/!”,  though.  Interacts  to  shift  Epg  of  W$2 
favorably  to  give  a  good  Ey  with  respect  to  Ere{jox(S04"/S02)  and  simultaneously 
provides  a  mechanism  for  the  oxidation  of  SO2,  since  the  I3-  rapidly  oxidizes 
SO2  to  SO42-,  Scheme  IV.  Thus,  the  I3-/I-  serves  as  a  redox  mediator  and 
favorably  alters  the  Interface  energetics  to  give  a  good  Ey  and  a  potential 
window  of  durability.  The  visible  light-driven  reaction  represented  by 
equation  (10)  Is  one  of  the  most  efficient  optical  to  chemical  energy 
conversions  (up  to  -14%  from  632.8  nm  light)  known.  The  system  Illustrates  the 
complex  relationships  that  must  be  understood  In  order  to  efficiently  drive 
multi -electron  redox  processes. 

The  suppression  of  photoanodic  corrosion  Is  not  always  difficult.  For 
example,  metal  dlchalcogenldes  are  not  durable  in  aqueous  0.1  M  KC1 ;  equation 
(11)  represents  the  photoanodic  decomposition  process  for  M0S2T33  However,  the 

M0S2  +  18h+  +  8H20  — ►  16H+  +  2SO42-  +  Mo6+  (11) 

oxidation  of  low  concentrations  of  Cl”  occurs  In  CH3CN  solution  with  100% 
current  efficiency. 34  Even  In  aqueous  solution  the  oxidation  of  Cl”  can  be 
effected  at  sufficiently  high  Cl-  activity.15*35  In  aqueous  15  M  L1C1  the 
oxidation  of  Cl’  has  100%  current  efficiency.  The  high  L1C1  concentration 
yields  very  high  Cl”  activity  and  lower  activity  of  H2O,  both  contributing  to 
the  Improved  durability  of  Illuminated  n-type  M0S2.35  Thus,  these  experiments 
show,  not  surprisingly,24  that  the  medium  in  contact  with  the  semiconductor  can 
alter  the  overall  Interfacial  chemistry,  even  though  Cl“  Is  available  as  a 
reductant  In  each  case.  The  ability  to  effect  the  sustained  generation  of  Cl 2 
at  an  Illuminated  Interface  shows  that  potent  oxidants  can  be  made 


Potential,  V  vs.  Reference 


H2S04  +  2H-^ 


S02  +  2H20 


-—e0,<$oJ7so2) 

ECB 


Without  I'/I‘ 


Ef  “jp1? 


_ e0,(soJ7so2) 

E° 1 ( Ij/I") 


With  1-/1“ 


Scheme  IV  Representation  of  the  I 3/I'  mediated  oxidation  of  SO2  at  Illuminated 
metal  dlchalcogenide  photoanodes  (top)  and  Interface  energetics  withoi 
and  with  I3/I’  in  6M  H-S0./1M  S02  for  HoS-  after  ref.  31.  Note  that 
in  the  absence  of  the  mediator  system  the^photovoltage  for  the  S02 
oxidation  would  be  expected  to  be  negligible.  The  adsorption  of  the 
I3/I*  Is  unaffected  by  the  SO2  so  the  negative  shift  of  the  flat  band 
potential  can  be  exploited  to  give  a  photovolatge  for  the  desired 
process  with  the  It/I*  system  simultaneously  providing  an  acceleratio 
of  the  S02  oxidation. 
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photochemlcally;  Cl 2  Is  thermodynamically  more  potent*  and  klnetlcally  more 
agresslve,  than  O2. 

The  ability  to  manipulate  the  anodic  corrosion  problem  using  high 
concentrations  of  redox  active  electrolyte  also  makes  possible  the  sustained 
oxidation  of  Br-  at  Illuminated  metal  dlchalcogenlde-based  cells.  Figure  l.15 
The  use  of  high  concentrations  of  electrolyte  has  proven  valuable  In  situations 
Involving  other  photoanode  materials,  notably  n-type  S1.36»37 

Reducing  photoanodlc  corrosion  with  high  concentrations  of  redox  active 
materials  led  to  the  conclusion  that  redox  reagents  covalently  anchored  to  the 
photoelectrode  might  prove  useful.38  For  example,  research  showed  that  n-type 
SI  could  be  a  durable  photoanode  In  EtOH/O.l  M  [n-Bu4N]C104/Fe(rP-C5H5)2+/0  for 
the  generation  of  electricity.26  The  Fe{  n5-Cpl5)2  Is  a  fast,  one-electron 
reductant  that  Is  durable  and  gives  a  durable  oxidation  product.  Subsequent 
study  showed  that  the  reagent  represented  by  I  can  be  polymerized  and 
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attached  to  the  surface  of  n-type  SI  to  protect  It  from  photoanodlc 
corrosion. 38-40  The  Important  result  Is  that  once  the  electrode  Is  made 
durable  using  the  surface-confined  redox  system,  [A+/A]surf.,  then  the 
photo-electrode  can  be  used  to  sustain  many  oxidation  processes,  say  B  B+, 
where  B  Itself  Is  not  successful  In  competing  with  the  anodic  corrosion  of  the 
electrode.  The  ability  to  photooxldlze  B  would  then  depend  on  the 
thermodynamics  and  kinetics  for  the  Interfaclal  process  represented  by  equation 
(12)  and  not  the  kinetics  for  h+  capture  by  B.  It  has  been  shown  that 

CA+lSUrf.  +  B— ►  B+  +  [A]surf.  (12) 

n-type  SI  derlvatlzed  with  I  Is  capable  of  effecting  the  photoasslsted 
oxidation  of  a  variety  of  reagents  In  H2O  solvent,  where  the  decomposition  (7) 
Is  most  severe.40  In  several  cases  It  has  been  established  that  the  process 
represented  by  (12)  represents  the  dominant  path  for  production  of  B+.  Thus, 

In  principle,  the  molecular  properties  of  the  surface-confined  reagent  could  be 
exploited  to  effect  specific  reactions.  For  the  surface  species  derived  from  I 
the  oxidizing  power  Is  fixed  to  -+0.45  V  ys.  SCE,  the  formal  potential,  E°',  oT 
the  surface  reagent.41  However,  the  Fe(n5-C5Hs)2+'°  systems  are  outer-sphere 
reagents  and  do  not  offer  any  basis  for  selectivity  other  than  the  potential. 
However,  such  species  may  prove  useful  In  facilitating  the  redox  reactions  of 
biological  reagents,  vide  Infra. 

Several  groups  have  recently  shown36* 42-44  that  photoanode  materials  can 
be  protected  from  photoanodlc  corrosion  by  an  anodlcally  formed  film  of 
"polypyrrole".45  The  work  has  been  extended46  to  photoanode  surfaces  first 
treated  with  reagent  II  that  covalently  anchors  Initiation  sites  for  the 
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formation  of  polypyrrole.  The  result  Is  a  more  adherent  polypyrrole  film  that 
better  protects  n-type  SI  from  photocorrosion.  Unlike  the  material  derived 
from  polymerization  of  I,  the  anodlcally  formed  polypyrrole  Is  an  electronic 
conductor.45  This  may  'prove  ultimately  Important  In  that  the  rate  of  Ion 
transport  of  redox  polymers  may  prove  to  be  too  slow  to  be  useful  In  attaining 
useful  photoccurrent  densities.  For  the  electronically  conducting  polymer  the 
rate  would  not  be  limited  by  ion  transport. 

At  this  point  It  is  evident  that  there  are  many  approaches  to  the 
sustained  conversion  of  visible  light  using  photoanodes.  The  approaches  based 
on  strong  interaction,  e.g.  WS2/l3"/I", 15  or  modified  surfaces,  e.g. 
derlvatlzed  n-type  Si,38*40  seem  most  Interesting  since  the  unique  properties 
of  the  Interface  can  be  exploited  at  the  molecular  level.  Significantly,  the 
generation  of  potent  oxidants  such  as  Br2  or  Cl 2  can  be  effected  using  visible 
light  and  with  reasonably  good  efficiency  but  without  electrode  deterioration. 

Improving  the  Kinetics  for  Hydrogen  Generation  from  P-Type  Semiconductors 


No  naked  semiconductor  photocathode  has  been  demonstrated  to  have  good 
kinetics  for  the  evolution  of  H2,  despite  the  fact  that  the  position  of  Ecb  In 
many  cases  has  been  demonstrated  to  be  more  negative  than  E° ' (H2O/H2) -  This 
means  that  electrons  excited  to  the  conduction  band  have  the  reducing  power  to 
effect  H2  evolution,  but  the  kinetics  are  too  poor  to  compete  with  e*  -  h+ 
recombination.  The  demonstration  that  N,N'-d1methyl-4,4’-bipyr1d1n1um,  MV2+, 
could  be  efficiently  photoreduced  at  Illuminated  p-type  SI  to  form  MV+  In 
aqueous  solution  under  conditions  where  E0,(MV2+/+)  »  E°’(H20/H2)  when  no  H2 
evolution  occurs  establishes  directly  that  the  thermodynamics  are  good,  but  the 
kinetics  are  poor,  for  H2  evolution.23*47  The  ability  to  efficiently  reduce 
mv2+  to  MV+  at  Illuminated  p-type  Si  led  to  studies  of  the  surface  derlvatlzlng 
reagent  for  use  as  an  electron  acceptor  on  photocathode  surfaces.46 


lifOMe), 
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Subsequent  deposition  of  Pd(0)  by  electrochemical  reduction  of  low 
concentrations  of  aqueous  PdCI^  leads  to  the  interface  represented  In  Scheme 
V.49  The  Pd(0)  Is  crucial  to  bring  about  equilibration  of  the  surface-confined 
vlologen  reagent,  E(PQ2‘,''+)n3surf.»  *1th  the  H2O/H2  couple.  The 
[{pQ2+/+)n]surf ./Pd(0)  catalyst  system  can.  In  principle,  be  used  on  any 
photocathode  surface  to  Improve  H2  evolution  kinetics. 
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The  Improvement  In  photoelectrochemical  H2  evolution  efficiency  using  the 
[(PQ2+/+)n]surf  /Pd(0)  system  Is  reflected  by  the  data  In  Figure  4.  For  the 
naked  surface,  H?  evolution  barely  onsets  at  E° ' (H20/H2> -  For  the 
photoelectrode  bearing  C(PQ2+/+)n Jsurf the  onset  for  H2  evolution  Is  up 
to  -500  mV  more  positive  than  £#MH20/H2).  The  extent  to  which  the  onset  Is 
more  positive  than  E°'(H20/H2)  Is  Ey.  It  Is  obvious  that  the  modified 
photoelectrode  gives  superior  performance. 

The  mechanism  of  the  catalysis  for  the  p-Si/[(PQ2+/*)n]suPf./Pd(0)  system 
Is  represented  by  equations  (13)  and  (14).  The  E0,[(PQz+'+)nJsurf .  * 

-0.55  ±  0.5  V  vs.  SCE,50  Independent  of  pH,  whereas  E  (H2O/H2J  varies  with  pH. 

C(PQ^+)rOsurf. - *  nPQ+)n3surf. 


nH-  -  [IPQ+)nWf. . — [(PQ^Wsurf.  +  l/2n«2  <l4> 


Thus,  the  catalyzed  process  represented  by  (14)  Is  only  downhill  for 
sufficiently  low  pH;  at  the  lower  pH’s  the  driving  force  Is  greater  and  the 
rate  Is  faster.  However,  as  the  pH  Is  lowered  Ey  becomes  smaller.  This  leads 
to  an  optimum  In  overall  energy  conversion  efficiency  at  pH  *  4.  For 
monochromatic  632.8  nm  light  the  efficiency  for  photoasslsted  H?  evolution  Is 
up  to  -5%  whereas  naked  electrodes  have  negligible  efficiency. 50 


The  [(PQ2+/+)rOsurf.  system  can  also  be  employed  with  Pt(0) 50  as  the 
catalyst  Instead  of  Pd(ol.  Both  Pt(0)  and  Pd(0)  have  excellent  H2  evolution 
kinetics.  One  virtue  of  Pd(0)  Is  that  It  is  much  more  easily  detected  by  Auger 
electron  spectroscopy  than  is  Pt(0).*9  Auger  electron  spectra  taken  while 
sputtering  the  surface  with  Ar+  Ions  have  led  to  the  establishment  of  Interface 
structures  like  that  represented  In  Scheme  V.  Typically,  10'B  mol/cm*  of  PQZ 
centers  and  -10"8  mol /cm2  of  Pd(0)  are  used  to  give  an  overlayer  of  -2000  A  In 
dimension.  A  key  feature  of  the  Interface  represented  by  Scheme  V  Is  that 
there  Is  no  Pd(0)  at  the  p-type  S1/S10x  surface.  This  means  that  the  only 
mechanism  for  eaulllbratlng  H2O/H2  with  the  photogenerated  reducing  equivalents 
Is  via  the  [(PQ2+/+)n]surf.  system.  Studies  have  also  been  done  with  Pt(0)  or 
Pd(0)  dispersed  throughout* the  polymer  from  III  via  the  sequence  represented  by 
equations  (15)  and  (16)  for  Pd(0) . 49  In  sucFTases  there  Is  at  least  a  small 

[(PQ2+*2Br-)n]surf.  +  nPdCl42-—  [(PQZ+  •  PdCU2')n]  +  2nBr“  (15) 


t(pq2*  •  P<tCl42-)„Wf.  C ( PQ£+  •  2C1  .  Pd'0)„],„rf.  06) 

amount  of  Pd(0)  at  the  p-type  S1/S10x  surface.  The  Pd(0)  at  the  p-type  S1/S10x 
surface  should  be  responsible  for  some  H2  evolution  current  density,  since  the 
direct  deposition  of  Pd(0)  or  Pt(0)  (without  III)  onto  p-type  S1/S10x  does 
Improve  H2  evolution  dramatically.50*51  Indeed',  the  direct  deposition  of 
catalytic  metals  onto  p-type  InP  has  led  to  a  demonstration  of  -12%  efficiency 
for  the  solar-assisted  production  of  H2.52 

The  ability  to  efficiently  catalyze  the  H2  evolution  with  a  metal 
deposited  onto  the  p-type  semiconductor  raises  the  legitimate  question  of  why 


Scheme  V  Representation  of  the  catalytic  p-type  Si  photocathode  for  H2 
evolution  prepared  by  derivatizing  the  surface  first  with  the 
reagent  III  in  the  text  followed  by  deposition  of  approximately 
an  equimoTar  amount  of  Pd(0)  by  electrochemical  deposition.  The 
Auger/depth  profile  analysis  for  Pd,  Si,  C,  and  0  is  typical  of 
such  interfaces,  ref.  49,  for  coverages  of  approximately  10*8 
mol  of  PQ2+  per  cm2. 


(-h-[(PQ2+.2CT)n] - »|  SiOx  (•-  p-Si  — 


Sputtering  Time  ,  min 


-11- 


use  III  at  all,  let  alone  attempt  to  prepare  and  exploit  the  more  ordered 
interface  represented  by  Scheme  V.  In  theory,  the  efficiency  of  all  devices 
based  on  a  given  semiconductor  would  be  the  same.  The  direct 
deposition  of  Pt(0)  or  the  use  of  [(PQ2+/+)f!]surf./Pd(0)  are  both  ways  of 
catalyzing  the  Hz  evolution.  A  problem  with  the  redox  polymers,  as  already 
mentioned,  is  that  rate  Is  likely  to  be  Ion  transport  limited.  A  problem  with 
Pt(O)  and  Pd(0)  Is  that  they  often  give  an  ohmic  contact,  rather  than  a 
Schottky  barrier,  with  p-type  semiconductors.  For  example.  In  attempting  to 
catalyze  H2  evolution  from  Illuminated  p-type  WS2  by  electrochemlcally 
depositing  Pt(0)  or  Pd(0)  a  large  percentage  of  the  electrodes  give  an  ohmic 
contact.1®  This  results  in  no  photoeffects  from  the  electrode.  A  uniform 
coating  with  the  redox  polymer  from  III  gives  a  reproducible,  photosensitive 
surface  that  can  be  used  to  generate”^  via  Pd(0)  or  Pt(0)  deposited  on  the 
outermost  surface.  Neither  of  the  approaches  has  led  to  sufficiently  durable 
catalysts  that  practical  devices  are  at  hand;  the  Pt(0)  or  Pd(0)  Is  very  easily 
poisoned.  Surprisingly,  the  C(PQ2+'+)n3surf.  polymer  does  not  suffer 
deterioration  on  the  timescale  of  loss  of  activity  of  the  Pd(0)  or  Pt(0) 
catalyst. 

The  synthesis  of  catalytic  photocathodes  for  H2  evolution  provides 
ev:dence  that  deliberate  surface  modification  can  significantly  Improve  the 
overall  efficiency.  However,  the  synthesis  of  rugged,  very  active  catalytic 
surfaces  remains  a  challenge.  The  results  so  far  establish  that  It  Is 
possible,  by  rational  means,  to  synthesize  a  desired  photosensitive  Interface 
and  to  prove  the  gross  structure.  Continued  improvements  in  photoelectro¬ 
chemical  H2  evolution  efficiently  can  be  expected,  while  new  surface  catalysts 
are  needed  for  N2  and  CO2  reduction  processes. 

A  Role  for  Biological  Redox  Catalysts? 

The  enzymes  hydrogenase,  nltrogenase,  and  formate  dehydrogenase  can  be 
used  to  equilibrate  reducing  reagents  with  H2O/H2,  N2NH3,  and  Ctb/HCOOH, 
respectively.53  In  no  case  do  the  enzymes  Involve  expensive  noble  metals  as 
catalysts.  Practical  considerations  aside,  the  multi -electron  transfer 
catalysis  effected  by  enzymes  provides  an  existence  proof  for  desired 
photoelectrode  catalysts.  One  of  the  major  difficulties  Is  that  large 
biological  redox  reagents  are  often  unresponsive  at  electrode  surfaces.  For  a 
variety  of  reasons  the  heterogeneous  electron  transfer  kinetics  for  large 
biological  reagents  are  poor.  However,  small  redox  reagents  dissolved  In 
solution  do  equilibrate  rapidly  with  the  large  biological  reagents.54 
Interestingly,  MV+,  for  example,  will  effect  reduction  of  H2O,  N2,  or  CO2  when 
the  proper  enzyme  Is  present  as  a  catalyst.53  The  use  of  surface-confined, 
fast,  one-electron,  outer-sphere  redox  reagents  like  those  derived  from  I  or 
III  as  redox  mediators  for  biological  reagents  would  seem  to  represent  an* 
excellent  approach  to  the  equilibration  of  the  electrode  with  the  biological 
reagents. 

Experiments  relating  to  the  oxidation  and  reduction  of  ferro-  and 
ferrl cytochrome  c,  cyt  c(red)  and  cyt  cr0x)  from  horse  heart,  establish  that 
photoelectrodes  “3er1vatTzed  with  molecular  reagents  can  give  significantly 
Improved  response  to  biological  redox  reagents.55*56  The  cyt  c  provides  an 
example  of  a  readily  accessible  biomolecule  that  generally  has~poor  kinetics  at 
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electrode  surfaces.57  The  first  experiments  concerned  electrodes  derlvatlzed 
with  III. 55  The  fact  that  MV+  rapidly  reduces  cyt  c{ox\  to  cyt  c(re<j)  led  to 
the  use  of  the  C(PQ‘+/+)n]sucf.  f°r  th*s  purpose.58”  The  E*'(cyt”c(gx)/cyt 
£{red)l  “+0*02  V  vs.  SCt^  and  the  reaction  represented  by  equation  (17)  Is 

nPQ+)„3Surf.  +  n  cyt  c(0x)— ' ►  [(PQ2+)nWf.  ♦  "  cyt  C(re(i)  (17) 

thus  downhill  by  -0.5  V.  Interestingly,  the  process  represented  by  (17)  was 
shown  to  account  for  the  reduction  of  cyt  c  at  Illuminated  p-type  SI 
functionalized  with  III.55  The  reduction  of  qyt  C(nX)  at  electrodes 
derlvatlzed  with  IIlTs  mass  transport  limited  anTT  Independent  of  coverage  of 
PQ2+  centers  on  the  electrode  from  ~10"10  to  10"®  mol /cm*.  Naked  electrodes  do 
not  respond  to  the  cyt  C(ox)  In  the  same  potential  range.  Inasmuch  as 
adsorption  of  cyt  £,  or  impurities  contained  in  it,  onto  most  electrodes  leads 
to  overall  poor  kinetics,  it  Is  particularly  noteworthy  that  high 
concentrations  of  cyt  C(ox)  can  be  reduced  with  good  kinetics  via  the 
C(PQ+)n3surf.*  Thus,  The  modification  of  electrode  surfaces  with  III  brings 
about  Improvement  In  response  with  respect  to  reduction  of  cyt  £(ox)« 

While  experiments  with  the  cyt  C(0x)  at  C(PQ2+/,+)n3surf.  d0  establish  a 
point,  the  disparity  E°'  of  the  reag?nt  and  the  mediator  precludes  the  claims 
that  electrodes  can  In  fact  equilibrate  with  the  biological  reagent.  The 
synthesis  of  IV  has  led  to  the  demonstration  that  derlvatlzed  electrodes  can  be 


equilibrated  with  biological  redox  reagents.56  Representing  the  surface 
species  from  IV  by  [PMFc+/0]?urf.,  the  E#,[PMFc+/0]Surf,  ■  +0-0*  V  vs.  SCE, 
that  Is  very  cTose  to  the  E*  for  cyt  c.  Conventional  Pt  electrodes 
derlvatlzed  with  IV  can  be  used  to  oxlrftze  cyt  C(re<j),  or  reduce  cyt  c/gx)  near 
the  E*'  of  cyt  £,  via  the  equilibrium  process  represented  by  equation  (18). 

[PMFc+]surf.  +  cyt  C(re(j)  [PMFc°]surf.  ♦  cyt  C(0x)  (18) 

Importantly,  n-type  SI  electrodes  derlvatlzed  with  £V  can  be  used  in  aqueous 
electrolyte  solution  at  pH  ■  7  and  the  process  represented  by  equation  (19)  can 

tPKFcO]$urf.  +  h+ — ►  [PMFc+Wf.  (19) 

be  effected  In  an  uphill  sense,  Ey  •  300  mV.  As  on  the  Pt  surface,  the 
[PMFc+]«urf .  on  n-type  SI  Is  capable  of  effecting  the  oxidation  of  cyt  c(rfq). 
Thus,  the  n-type  Si/LPMFc+/°]surf.  electrode  can  be  used  to  effect  the  uphill 
oxidation  of  cyt  c/rcqi.  The  rate  constant  for  reaction  represented  by 
equation  (20)  Is  "57  x  103  Wm*1.  The  observed  heterogeneous  electron  rate 
constant  Is  >1  x  10*4  cm/s”for  a  variety  of  electrodes  Independently  prepared. 


-13- 


[PMFc+]surf.  +  cyt  C(red)-—  CPMFc°]surf.  +  cyt  C(ox)  (20) 

representing  substantial  Improvement  compared  to  naked  electrodes  that  give 
negligible  rates  under  the  same  conditions. 56  Significantly,  as  for 
[{PQ2*/+)n].urf .,  the  [PMFc+'°]surf.  Is  useful  at  high  concentrations  of  cyt  c. 
Very  pure,  low  concentration  cyt  c  apparently  responds  well  at  conventional  “ 
electrodes,  but  small  amounts  of  ^composition  or  Impurities  cause  severe 
problems  from  adsorption.60  The  surface  reagents  from  III  or  IV  apparently 
minimize  the  adsorption  problems,  while  providing  a  mechanism  Tor  exchanging 
electrons  with  the  electrode.55*56  Preliminary  results  have  established  that 
hydrogenase  can  equilibrate  with  the  polymer  derived  from  III,  suggesting  that 
the  one-electron  polymers  from  III  and  _IV  can  In  fact  comeTnto  redox 
equilibrium  with  multi -electron  transfer  catalysts  for  reactions  of  possible 
importance  in  energy  conversion. 

Large  Area  Photosensitive  Materials 

The  studies  described  so  far  have  concerned  relatively  small,  -0.1-1  cm2, 
single-crystal  photoelectrode  materials.  Promising  results  have  been  obtained 
In  that  there  are  a  variety  of  durable,  efficient  paths  to  generation  of  high 
energy  chemicals  or  electricity.  However,  single-crystal  photoelectrode 
materials  are  likely  to  remain  too  expensive  for  significant  practical 
development.  The  question  Is  whether  the  basic  results  from  single-crystal 
systems  can  be  applied  to  large  area  photosensitive  materials  not  necessarily 
fabricated  from  single  crystals.  In  this  area  as  well  some  promising  results 
have  been  obtained.  Thin  film  and/or  polycrystalline  SaAS61  and  CdX*2 
photoanodes  have  been  shown  to  have  relatively  good  efficiency  compared  to 
their  single-crystal  analogues. 

Recently,  results  from  amorphous  hydrogenated  silicon,  a-Si:H,  Eg  *  1.7 
eV,  obtained  In  a  glow  discharge  of  SIH4  show  significant  promise.  Solid  state 
devices  from  solar  to  electrical  energy  conversion  based  on  absorption  of  light 
by  a-Si:H  have  been  shown  to  have  almost  10%  efficiency63  and  It  Is  believed 
that  a-S1:H  can  be  produced  Inexpensively  and  uniformly  In  large  areas. 

In  principle.  Intrinsic  photoconductors  such  as  a-$1:H  can  be  good 
photoelectrodes.5*64  Scheme  VI  shows  the  approximate  Interface  situation  for  a 
recently  reported  a-S1:H-based  cell  for  the  generation  of  electricity.64 
Critically,  the  Intrinsic  thin  film  (1-4  n)  of  a-$i:H  was  deposited  onto  a  very 
thin  (-200  A)  heavily  n-doped  a-Si:H  layer  on  stainless  steel  In  order  to 
assure  that  the  Fermi  level  contacts  the  bottom  of  the  conduction  band.  This 
means  that  Ere(jox  positions  of  Ecb  ^111  result  In  a  field  across  the 
photoconductor  such  that  photogenerated  h+,s  will  be  driven  toward  the 
electrolyte/redox  couple  solution.  For  Eredox  close  to  Eyg  the  E\r  would  be 
expected  to  approach  Eg  as  for  an  n-type  semiconductor  photoanode.  As  for  any 
other  photoanode  the  e-$1:H  is  susceptible  to  photoanodlc  decomposition,  but 
the  corrosion  can  be  completely  suppressed  by  using  the  0.1  M 
Cn-8u4M]C104/Et0H/Fe(T^-C5H5)2+'0  electrolyte/redox  couple  solution.  Figure  5. 
Interestingly,  the  sustained  conversion  of  632.8  nm  light  Is  just  as  efficient 
for  the  Intrinsic  a-S1:H  photoanode  as  for  single-crystal  n-type  SI  electrodes 
under  the  seme  conditions.5 
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Scheme  VI  Representation  for  the  Interface  energetics  for  Intrinsic  a-S1:H  at 
short-circuit,  dark  equilibrium  with  ferrlcenlum/ferrocene  In  EtOH/ 
electrolyte  solution  (left)  and  under  Illumination  with  632.8  nm  light 
with  a  load  In  series  In  the  external  circuit  (right).  The  diagrams 
are  adapted  from  data  In  ref.  65  for  Intrinsic  a-S1:H  (1-4u  thick) 
on  stainless  steel  first  coated  with  heavily  n-doped  a-S1:H  (200  A  thick)] 
to  Insure  an  ohmic  contact  near  the  bottom  of  the  conduction  band. 

In  typical  experiments  Eredox  v  vs.  SCE. 


-14- 


The  surface  of  a-S1:H  can  also  be  derivatized  with  reagent  I  and  the  Ey  is 
-750  mV  compared  to  Ey  «  500  mV  on  single  crystal  n-type  SI.5  TFfls  result 
suggests  that  a-S1:H  could  be  durable  In  aqueous  solutions  via  protection  by 
the  surface  reagent.  As  for  n-type  SI  this  would  allow  the  use  of  large  area, 
efficient  a-S1:H  to  effect  a  variety  of  light-driven  oxidation  processes. 

Summary 

Semiconductor-based  photoelectrochemical  cells  can  effect  the  sustained, 
direct  conversion  of  light  to  chemical  or  electrical  energy  wit.,  good 
efficiency.  There  are  several  approaches  to  suppressing  the  photocorrosion  of 
n-type  semiconductor  photoanodlc  materials,  all  depending  on  the  manipulation 
of  interface  properties  such  as  structure,  energetics,  and  kinetics.  The 
visible  light-driven  generation  of  Cl 2  from  photoanodes  represents  the  most 
potent  oxidant  generated  from  non-oxide  electrodes.  Output  parameters  depend 
on  surface  properties  as  reflected  in  experiments  with  reducing  vs.  oxidizing 
pretreatments  for  n-type  CdTe.  Interfacial  redox  kinetics  can  be  modified  by 
rational  means  as  illustrated  with  results  for  photocathodes  modified  to 
Improve  H2  evolution  kinetics.  However,  nuch  more  work  remains  to  be  done  on 
multi -electron  processes  to  bring  about  Improvements  in  kinetics.  Certain 
enzymes  may  prove  useful  In  N2,  CO2,  or  H2O  reduction.  Progress  In  relatively 
efficient,  large  area.  Inexpensive  photoelectrode  materials  has  been  made,  with 
a-S1:H  being  one  example.  At  this  point  the  performance  of  interfacial 
Inorganic  chemistry  systems  for  energy  conversion  Is  sufficiently  good  that 
they  cannot  be  ruled  out  as  contenders  for  large  scale  energy  generation.  The 
near-term,  pre-2000  charter  Is  to  fully  elaborate  the  basic  science  underlying 
the  Interfacial  systems  with  a  conscious  effort  directed  toward  efficient 
(>10%)  durable,  and  Inexpensive  systems  for  the  direct  production  of 
energy-rich  redox  products  from  abundant.  Inexpensive  resources  such  as  H2O  and 
CO2.  It  Is  too  early  to  focus  on  fuel  vs.  electricity  generation  as  the 
ultimate  objective.  Many  of  the  requirements  for  both  outputs  are  the  sanr  but 
fuel  generation  poses  the  greatest  challenge,  since  useful  fuel  generation  will 
require  new  multi -electron  transfer  catalysts. 
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Cell  (lower  left),  cell  energetics  at  maximum  power  point  (upper 
left)  and  output  characteristics  (right)  for  an  n-type  WS2-based 
photoelectrochemical  cell.  The  electrolyte  Is  12  M  LIBr  and  Er»d0x 
■  +0.64  V  vs.  SCE ;  for  current  density  nultlply  current  shown  times 
32  cm*2,  ref.  15. 

Cell  (lower  left),  cell  energetics  at  maximum  power  point  (upper 
left)  and  output  characteristics  (right)  for  a  p-type  WS?-based 
photoelectrochemlcal  cell.  The  Eredox  Is  -0.38  V  vs.  Ag*/Ag;  for 
current  density  nultlply  current  shown  by  32  cm*2,  ref.  16. 

Photovoltage  from  n-CdTe  etched  with  an  oxidizing  etch  (•)  or  an 
oxidizing  etch  followed  by  a  reducing  treatment  (Na0H/$2042“)  (■) 

Is  a  function  of  El/2  of  a  contacting  couple.  The  numbers  refer  to 
redox  couples:  1-Ru(b1py)30/";  2-Ru(b1py)3+/0;  3-Ru(b1py )32+/+; 
4-TQ+/0;  5-TQ2+/+;  6-Fe( n5-C5Me5)2+'°;  7-Fe(T,5-C5H5)2+'0; 

8-TMPD2+/+;  9-TMPD+/0;  10-MV2+/*;  11-MY+'0;  see  ref.  18. 

Comparison  of  photocathodlc  current  (632.8  nm;  -6  irtW/cm2) 

for  naked  p-type  SI  ( - ),  p-type  SI  bearing  [(PQ2+)n3surf . » 

p-type  SI  bearing  C(PQ2+)nisurf .  ( - ).  and  p-type  SI  bearing 

[(PQ^lnlsurf./P^tO)  (-•-•)  at  pH  ■  4.  The  photocathodlc  current  in 
the  latter  case  Is  associated  with  H2  evolution  that  occurs  more 
positive  than  E°'(H?0/H2).  For  current  density  multiply  values 
shown  by  10  cm*2.  The  current  peak  for  the  smooth  curve  is 
associated  with  the  uphill  reduction  C(PQ2+)nlsurf .  *  HpQ+)n!lsurf.» 
see  ref.  49. 

Output  characteristics  and  photocurrent  density  at  maximum  power 
point  against  time  (Inset)  for  an  Intrinsic  a-S1:H  photoanode  based 
cell,  see  ref.  5. 
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